ABSTRACT We investigated transport in Nb-InAs hybrid structures in perpendicular magnetic fields up to the quantum Hall regime. Due to the high contact quality of our samples, Andreev reflection dominates the transport properties in a range of experimental parameters. Our experiments were performed on periodic arrays of Nb filled stripes or antidots in an InAs-based 2DEG. According to geometry and field strength we observe the following effects: At low fields, up to a few flux quanta per unit cell, we find phase-coherent behavior, such as flux-periodic oscillations. At slightly higher fields, the Andreev reflection probability is determined by induced superconductivity in the 2DEG, which is gradually suppressed by an increasing magnetic field. In the arrays of Nb filled antidots we find that the commensurability peaks are suppressed since Andreev reflection restores regular motion in velocity space. Due to the high critical field of the Nb nanostructures, we can also enter the edge state regime, where we observe a pronounced increase of the amplitude of 1/B-periodic magnetoresistance oscillations. The latter can be traced to an enhanced backscattering of Andreevreflected edge channels, which contain both electrons and holes. When different material classes are combined in solid state physics, new and unexpected behavior is frequently observed. In this article we describe experiments on superconductor-semiconductor structures fabricated from the Nb-InAs material system. With semiconductors we typically associate properties such as tunable electron density and high carrier mobility, and effects such as the quantum Hall effect or ballistic transport [1, 2] , to name a few examples. Superconductors, on the other hand, are known for their perfect conductivity, phase coherence or the Josephson effect. If both materials are brought into contact, many new phenomena arise, which are based on Andreev reflection [3] . This process takes places at the boundary between a superconductor and a normal conductor (which can be a metal or a semiconductor). When an
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When different material classes are combined in solid state physics, new and unexpected behavior is frequently observed. In this article we describe experiments on superconductor-semiconductor structures fabricated from the Nb-InAs material system. With semiconductors we typically associate properties such as tunable electron density and high carrier mobility, and effects such as the quantum Hall effect or ballistic transport [1, 2] , to name a few examples. Superconductors, on the other hand, are known for their perfect conductivity, phase coherence or the Josephson effect. If both materials are brought into contact, many new phenomena arise, which are based on Andreev reflection [3] . This process takes places at the boundary between a superconductor and a normal conductor (which can be a metal or a semiconductor). When an electron from the Fermi edge of a normal conductor impinges on the superconductor, the energy gap in the superconductor prevents it from entering, unless a Cooper pair is immediately formed in the superconductor. Since a Cooper pair is composed of two electrons with opposite spin and momentum, a suitable extra electron has to be taken from the Fermi sea of the normal conductor, creating a hole in the normal conductor. Note that the hole is still located in the conduction band of the normal conductor and is not to be confused with a hole in the valence band of a p-type semiconductor. The incoming electron is thus converted into a hole, whose properties can be calculated by solving the Bogoliubov-de Gennes equations [4] or by considering conservation laws. Most importantly, the hole is retroreflected, i.e., it exactly retraces the trajectory of the incoming electron, provided that no magnetic field is applied. It was shown that a ballistic billiard with Andreev-reflecting boundaries is always regular, regardless of its shape, and chaotic motion is only obtained in a non-zero magnetic field [5] . With Andreev reflection the hole wavefunction also acquires an extra phase factor containing the phase of the superconducting condensate. In this way, quasiparticle interferometers can be constructed, and Andreev reflection provides a unified treatment for supercurrents in Josephson junctions and SNS-junctions in the short or long limit [6] . Naturally, Andreev reflection can also convert a hole back into an electron, thereby removing a Cooper pair from the condensate.
A vast number of experiments have been carried out, demonstrating phase-coherent transport [7] or tunable supercurrents in hybrid devices [8, 9] . Furthermore, Andreev reflection could be the basis for generating spin entangled electrons in a semiconductor [10] .
In our experiments, we focused on ballistic transport of electrons in a high-mobility two-dimensional electron gas (2DEG) in contact to a superconductor. Although a number of theoretical articles have treated the Andreev-reflecting billiard [5, 11, 12] , experimental studies were scarce. For the antidot lattice [1, 13] -a periodic array of etched holes in a 2DEG -it is well known that chaotic and regular motion determine its magnetotransport properties [14, 15] . Filling the etched regions with superconductor created an ideal model system to study the Andreev billiard in experiment [16] [17] [18] [19] . We also found that Andreev reflection persisted up to magnetic fields of several Tesla and we observed striking effects on transport in the quantum Hall regime [20] . Many experiments on superconductor-semiconductor physics were performed with niobium and indium arsenide [7, 21, 22] . InAs does not form a Schottky barrier with a metal and is therefore well suited for high-quality contacts. Nb has a rather high critical temperature and magnetic field while still being reasonably easy to deposit. To obtain high electron mobilities, the InAs was embedded into an MBE-grown AlGaSb-InAs heterostructure [23] . Mesas and contacts were prepared with optical lithography, wet etching and Cr/Au evaporation. The 2DEG had a density of n S = 1.25 × 10 12 cm −2 and a mobility of about 200 000 cm 2 /Vs, resulting in a mean free path of about 3.8 µm. The Nb filled structures were defined with electron beam lithography, selective wet etching or reactive ion etching and Nb sputter deposition. An in situ sputter cleaning step of the InAs surface proved to be essential for high-transparency contacts. More fabrication details can be found in [16] [17] [18] [19] . An SEM image of a finished sample, a sketch of the measurement setup and an illustration of the Andreev reflection process can be seen in Fig. 1 .
Measuring the differential conductivity with respect to the bias voltage on single SNS-junctions and stripe arrays, we could determine the Z-parameter of the OTBK-model [24, 25] to be Z = 0.4...0.6. The Z-parameter is the normalized interface barrier strength, where Z = 0 corresponds to a perfect interface. In short junctions we also observed multiple Andreev reflections both due to the superconducting gap of niobium and due to an induced gap [26, 27] in the InAs channel. The latter ranged between 300 and 500 µeV depending on the geometry. In our experiments we also assume that Andreev reflection occurs between the InAs 2DEG and the induced superconducting region in the InAs underneath the Nb film. 
Phase-coherent experiments
At low magnetic fields and low temperatures, the phase acquired on an Andreev reflection event can lead to coherent coupling between the niobium structures and a supercurrent can flow through the stripe or dot arrays. The critical current oscillates as a function of the magnetic field with the fundamental period given by a flux quantum through the unit cell of the lattice [28] . The oscillations are more easily measured at slightly elevated temperatures when a finite resistance appears. The shape of the oscillations is related to the shape of the basis element of the lattice. This can be seen in Fig. 2 where we plot the magnetoresistance oscillations for three different arrays of cross-shaped dots. While the crosses with the thinnest lines show more than 30 minima in the magnetoresistance, the wider crosses display much less oscillations, but more substructure per oscillation period. The situation is reminiscent of an optical diffraction grating where the shape of the slits determines the envelope of the interference pattern.
The fractional minima stem from coherent coupling in larger groups of unit cells [29, 30] . In dot arrays, we observed coherent effects in up to 3 × 3 unit cells. In stripe arrays we observed coherent coupling between neighboring stripes and next-tonearest neighbors, implying that parts of the supercurrent flow through the InAs underneath the niobium stripes.
Andreev reflection and chaotic motion
In an antidot lattice, the interplay of regular and chaotic motion leads to peculiar effects in the magnetotransport. This was studied in detail in [14, 15] . Most prominently, a peak appears in the magnetoresistance when the diameter of the cyclotron orbit 2R c matches the lattice period a. Depending on the dot diameter and the mean free path, more features can be observed at lower (corresponding to larger orbits encircling more antidots) or higher fields (when the orbits bounce off the antidot walls several times [31] ). If the specular reflection at the antidot boundary is replaced by Andreev reflection, the character of the orbits should change and different features should be observed.
A typical measurement is reproduced in Fig. 3 , where we plot the magnetoresistance of an array of niobium-filled antidots above and below T c . The measurements above T c clearly show two antidot peaks corresponding to orbits around one and four antidots. Below T c , the resistance around B = 0 is markedly reduced and recovers gradually when the field is increased. Subtracting both traces, another striking effect is observed: The difference of both graphs shows dips at the positions of the antidot peaks. In a conventional antidot lattice, the opposite would be observed as the ballistic features are better resolved when going to lower temperatures. Evidently, Andreev reflection acts to remove the antidot peaks even at magnetic fields of up to one Tesla.
To clarify this point, we calculated the magnetotransport properties using the Kubo formula:
In this approach, a large number of classical trajectories are calculated and the velocity correlations yield the coefficients To gain more insight into the mechanisms at work in an Andreev reflecting antidot lattice, we show typical trajectories in an unpatterned 2DEG, an antidot lattice with specularly reflecting walls and an Andreev antidot lattice (see Fig. 4 ). The magnetic field corresponds to the main commensurability peak. While in both cases the trajectories in real space are chaotic, the velocity correlations are quite different for the two types of antidot lattices. In the specularly reflecting case, the trajectories are also chaotic in velocity space and their correlations give rise to the features in the magnetoresistance. If only Andreev reflection takes place, the velocity is exactly reversed (i.e., multiplied by −1), but because the charge is also reversed, the product of both is unchanged. Since the Kubo To reproduce the experimental data, we assumed a magnetic field dependence of p AR , which we took empirically to be exponentially decreasing in the field range of interest here. This allowed us to reproduce qualitatively the experimental curve, and also the difference graph with the characteristic dips. The Andreev reflection probability at zero field was less than unity, typically around p AR (B = 0) = 0.6, in agreement with the finite value of Z. More recently, the magnetic field dependence of Andreev reflection was treated in a theoretical paper [32] . It was shown that the induced gap in the semiconductor depends on screening currents in the superconductor and that Andreev reflection indeed depends on the magnetic field. While exact expression for p AR (B) is not a simple exponential as we assumed, our conclusions are still qualitatively correct.
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Magnetotransport in Andreev-reflected edge channels
In high magnetic fields, transport in edge channels comes into play. In a bulk 2DEG, highly degenerate Landau levels are formed, with a Landau level splitting of hω c = heB/m eff , where m eff is the effective mass. At the sample edge, the confinement potential bends the levels upwards, and all Landau levels below E F have to cross the Fermi level. At the crossing points, edge channels are formed, which are one-dimensional conduction channels contributing one conductance quantum (of h/2e 2 for spin-degenerate electrons) each [2] . Since the strong magnetic field forces the electrons to move in one direction only, backscattering is suppressed, FIGURE 6 T -dependent magnetotransport curves for two different samples. Arrows: Crossing points of the graphs above T c and below T c . Inset: Enlarged view of the crossing point for the sample with a = 3 µm. The critical temperatures were 7.4 K (left) and 6.9 K (right). Letters "N" and "S" denote the normal and superconducting branch, respectively and a zero resistance state can form in the Shubnikov-de Haas minima, where the filling factor is integer. At non-integer filling factors, the innermost edge channel can be backscattered, reducing the conductance and giving rise to a finite resistance.
How does the situation change if Andreev reflection is involved? This was treated in a theory article by Hoppe, Zülicke and Schön [33, 34] . When electrons impinge on a superconductor-2DEG boundary, they are Andreev reflected, but in the strong magnetic field the holes move in the same direction as the electrons. They hit the boundary again to be converted to electrons and so forth. A quantum mechanical treatment showed that the counterpart of edge channels in the quantum Hall regime are Andreev edge channels, which are composed of electron-and hole-like quasiparticles. The proportions of both constituents are governed by the interface transparency and the filling factor. Importantly, the proportion of electrons and holes also determines the conductance of such an edge channel. If electrons and holes have equal occupancy, the edge channel cannot carry current at all since both quasiparticle types move in the same direction, but due to their opposite charge the currents exactly cancel. This situation occurs at any magnetic field if the interface is perfectly transparent. If an interface barrier is present, the electron/hole ratio oscillates with the filling factor, i.e., periodic in 1/B.
We observed those effects in Nb-InAs stripe arrays with lattice periods between 0.7 and 3 µm. The critical field of the stripes can be as high as 2.5 T, permitting us to enter the edge channel regime. Still higher fields can be obtained using NbN as a superconductor, but at the expense of more complicated fabrication [35, 36] . Magnetoresistance traces of two representative samples are shown in Fig. 6 . Once the stripes are only coupled via edge channels, the longitudinal resistance in the superconducting state is higher than in the normal state. More importantly, the amplitude of the magnetoresistance oscillations is enhanced in the superconducting state. This can be seen more clearly in Fig. 7 where the non-oscillatory background is subtracted and the data is plotted on a 1/B-scale. Comparing the amplitudes in the vicinity of B c , the oscillations are enhanced by a factor of up to 6. This cannot be entirely due to the higher background resistance, because even when normalizing to the background resistance (as a worst case scenario), the enhancement is still around 2. From the temperature dependence of the oscillations we can also conclude that the oscillations in the superconducting state are not the usual Shubnikov-de Haas oscillations. In that case, the T -dependence is determined by thermal activation across the Landau gap hω c = heB/m eff . This is routinely utilized [37] to determine the effective mass in a 2DEG with the formula:
for the amplitudes A at different temperatures T 1 and T 2 . We obtain m eff = 0.049 m 0 for a sample with Nb stripes in the normal state, i.e., above B c , and about 0.04 m 0 for the 2DEG without Nb stripes. This is in good agreement to what is found in high-density InAs 2DEGs, about 0.04 m 0 for our density [38] . In the superconducting case, the effective masses are clearly unreasonable and also seem to depend on the filling factor. This rules out a simple explanation in terms of SdH-oscillations. Instead, we can explain our results in the With a normal electrode, only the innermost channel is backscattered due to impurities in the 2DEG. In the superconducting case, edge channels hitting the electrode are Andreev reflected (see inset) and contain electrons and holes (gray). The amount of current which is backscattered depends on the hole probability, which oscillates in a magnetic field model of Andreev edge channels, if we take our geometry into account (see Fig. 8 ). On each Nb stripe in contact with the 2DEG, Andreev edge channels are formed. Since in our samples the interface is not perfectly transparent, the conductance of those channels oscillates strongly with 1/B. This leads to oscillating backscattering across the Hall bar which in turn results in strong magnetoresistance oscillations. Contrary to ordinary SdH-oscillations, where only the innermost edge channel can be backscattered, all Andreev edge channels are involved in this process. This explains why the oscillation amplitude is much higher in the superconducting case. The non-oscillatory part of the resistance is also higher in the superconducting state at high fields. This can also be explained in the edge channel picture. At high fields, neighboring stripes are only connected via edge channels. The edge channels emitted from a superconducting electrode always contain both electrons and holes, which means that their conductance is diminished compared to usual electron-only edge channels. Therefore, the resistance background is also increased with respect to the normal conducting case, which explains why the normal and superconducting branches cross (arrows in Fig. 6 ).
Summary
We have performed a number of experiments in periodic Nb-InAs structures in different transport regimes. At very low magnetic fields we could observe supercurrents and phase-coherent oscillations. The ballistic motion of electrons in an antidot lattice with superconducting boundaries is strongly affected by Andreev reflection. Ideally, Andreev reflection should suppress all signatures of chaos in magnetotransport, but due to the decreasing Andreev reflection probability at higher fields this is only partly realized in experiment. We also clearly observed edge channels containing Andreev reflected electrons and holes. This should open up the way for more advanced experiments with ballistic transport and edge channels.
